Analyses of 173 Bacillus strains (representing 30 species) with a newly developed quantitative colorimetric N , N, N ' , N'-tetramethyl-p-phenylenediamine oxidase assay revealed the presence of many oxidase-positive species. Of 144 mesophilic strains analyzed, the following were oxidase positive: 16 of 16 Bacillus alvei strains, 7 of 9 Bacillus laterosporus strains, 5 of 10 Bacillus circulans strains, 4 of 5 Bacillus macerans strains, 2 of 5 Bacillusfirmus strains, 1 strain of Bacillus sphaericus, and 1 strain of Bacillus brevis. The thermophilic organisms Bacillus stearothermophilus T-10 and ATCC 8005, "Bacillus caldotenax" (one strain), and "Bacillus thermodenitr$cans" DSM 465 were also oxidase positive. In fact, when the oxidase-positive thermophilic strains were grown at 65"C, they exhibited very high oxidation rates; most of these rates were equivalent to the high rates of reaction recorded for strains of Pseudomunus aeruginosa and Neisseria spp.
The oxidase test has been used extensively in studies on gram-negative bacteria since it was introduced in 1928 by Gordon and McCleod (5) . The use of the oxidase test for gram-positive organisms has been somewhat limited (8-10, 15), but it has been used to examine differences between the staphylococci and micrococci (1, 3, 16). Quantitative N,N, N',N'-tetramethyl-pphenylenediamine (TMPD) oxidase studies have shown that "Sarcina java," "Sarcina luteus," and Sporosarcina urea strains are quite active, the latter sporeformer being usually active (8, 9, 11). Previous reports have stated that Bacillus strains can give "equivocal" oxidase reactions (15), and one report specifically stated that an unexpectedly large number of soil sporeforming isolates were oxidase positive (4). The results of other, more recent studies suggest that TMPD (a redox dye), which is commonly used as the oxidase reagent, may be impermeable in grampositive microrganisms (3, 6, 8, 9) . Thus, the relevance of the oxidase reaction in gram-positive cells has been questioned.
In this report we describe a distinct class of oxidase-positive Bacillus spp. which can be detected experimentally. The quantitative capability of some of these Bacillus strains to oxidize reduced TMPD to Wurster blue (9) approaches the high rates previously reported for Azotobacter vinelandii, Pseudomunus aeruginosa , and Neisseria spp. (8-11). Such oxidase-positive Bacillus cultures are readily detected by the qualitative Kovacs paper strip test (13). In our recent studies we found oxidase-positive strains among mesophilic Bacillus alvei, Bacillus circulans, Bacillus firmus, Bacillus laterosporus, Bacillus macerans, Bacillus sphaericus, and Bacillus brevis. Of 24 thermophilic strains examined, 18 were found to be highly oxidase positive; among these were Bacillus stearothermophilus strains T-10 and ATCC 8005, "Bacillus thermndenitr8-cans" strain DSM 465 and one "B. caldotenax" strain.
(Preliminary reports of the results have been presented elsewhere [Jurtshuk and Liu, Abstr. XI11 Int. Congr. Microbiol., Boston, Mass., p. 62, 1982; Liu and Jurtshuk, Abstr. Annu. Meet. Am. SOC. Microbiol. 1983, K122, p. 1971.) For the standard colorimetric oxidase assay, bacteria were grown for 20 h on tryptic soy agar (Difco Laboratories, Detroit, Mich.) at the appropriate temperature. Colonies were directly washed off petri plates with the aid of sterile glass rods, and whole cells were harvested by centrifugation at 6,000 rpm (4,340 X g ) and 25°C. The pellets were washed three times in 0.02 M KH2P04 buffer (pH 6.01, and a 3.0-ml bacterial suspension (in 0.02 M KH2P04 buffer, pH 6.0) was prepared and turbidimetrically standardized to 0.20 * 0.02 optical density unit at 610 nm with a Bausch & Lomb Spectronic 20 colorimeter. TMPD oxidation was initiated by adding 20 p1 of a 1.2% (wt/vol) TMPD-hydrochloride solution.
Wurster blue formation (Z mM = 12.0) was monitored at 610 nm at 5-min intervals for 15 min; specific activities were calculated by using the initial 5-min reaction rate and are reported on the basis of cellular dry weight. Analysis of 107 bacterial cultures having the standard turbidity given above revealed a dry weight mean * standard error of 0.194 ? 0.007 mg/ml (standard deviation, 0.0729 mg/ml). The type of spectrophotometric TMPD oxidase assay described above was first described by Lieberman Figure 1 shows the TMPD oxidation rate patterns for three representative Bacillus strains, B. alvei strain 385, Bacillus megaterium strain UH, and Bacillus pumilus strain UH.
Similarly, standardized suspensions of a laboratory strain of P. aeruginosa and Escherichia coli strain B (Fig. 1, dashed lines) served as the oxidase-positive and -negative controls, respectively. TMPD oxidation in the absence of bacterial cells (autooxidation control) is also plotted in Fig. 1 (dotted line); this reaction started at "true" zero. For all specific activity calculations (Table 1 ) the TMPD autooxidation control rate was corrected for by subtraction.
As shown in Fig. 1 , the rate of TMPD oxidation by B . alvei strain 385 cells approached the high rate observed for the oxidase-positive P . aeruginosa strain. In fact, analyses of 15 other B alvei strains showed that strain 385 cells gave the lowest specific activity (Table 1 ) of all the B . alvei strains examined. B . megaterium strain UH had a TMPD oxidation rate that approached the rate of the autooxidation control; this reaction rate was typical of organisms having oxidase-indeterminate reactions. TMPD oxidation by cells by B . pumilus strain UH was essentially negative, much like the oxidation observed for E . coli strain B. The negative base-line reaction observed with cells of E . coli (and somewhat with cells of B . purnilus) suggests that such alvei strain 385, B . megaterium strain UH, B . pumilus strain UH, and E . coli strain B. The oxidation rates for P . aeruginosa and B . alvei cells are characteristic of oxidase-positive strains. The rate shown for B . megateriurn cells is oxidase indeterminate; the overall TMPD oxidation rate is equivalent to the rate of the autooxidation control (dotted line). Cells of B. pumilus and E . coli are the least active, and the reaction patterns shown for these two organisms are characteristic of oxidase-negative strains. For the colorimetric TMPD oxidase assay, the bacterial cells were turbidimetrically standardized at 610 nm to 0.20 * 0.02 optical density unit in 3.0 ml of 0.02 M KH2P04 buffer (pH 6.0). The TMPD oxidation reaction was then initiated by adding 1.0 pmol of reduced TMPD (final concentration, 3.3 X M). Wurster blue formation was monitored at 610 nm and was plotted as a function of time. For this study, a prolonged 25-min reaction interval was used to observe particularly the reaction patterns for the oxidase-indeterminate (B. megaterium) and oxidase-negative (B. pumilus and E. coli) strains. The autooxidation control (dotted line), which starts at true zero, optically represents the rate of TMPD oxidation that occurred in the absence of bacterial cells.
oxidase-negative organisms have functional oxidases with high affinities for binding molecular O2 yet are not TMPD dependent. Such cytochrome oxidases would remove oxygen from solution (via normal respiration) so that O2 would no longer be available for autooxidation of TMPD. Quantitative TMPD oxidase analyses of 173 Bacillus strains, representing 30 species, showed this same degree of diversity. In this report we focus on (i) those Bacillus spp. which were highly oxidase positive ( Table 1 ) and conversely (ii) those species which were distinctly oxidase negative and gave zero TMPD oxidation reaction rates, similar to the rate observed for B. pumilus or E. coli or both. Table 1 lists representative Bacillus strains (and their sources) having high oxidase specific activities. Of the 144 mesophilic Bacillus strains tested, all 16 strains of B . alvei, as well as 7 of 9 strains of B . laterosporus, were found to be highly oxidase positive. Also highly active were 4 of 5 B . macerans strains, 5 of 10 B . circulans strains, 2 of 5 B . Jirmus strains, 1 of 3 B. sphaericus strains and one strain of B . brevis. Interestingly, two strains that were received originally as B . alvei cultures were consistently oxidase negative. These strains were subsequently found to be misidentified; one was a strain of Bacillus licheniformis, and the other NOTES .!. , ". . . . .
was a strain of B. megaterium (Ruth E. Gordon, personal communication) . Without exception, all 16 B. alvei strains which we tested were oxidase positive. Conversely, only 2 of 32 cultures originally received as Bacillirs polymyxa were highly oxidase positive. These two B. pdymyxa strains were examined by R. E. Gordon; one was found to be a strain of B . laterosporus, and the other was most probably a B. brevis strain. In one respect, the heterogeneity and diversity of TMPD oxidation by Bacillus strains are quite surprising. Most gram-positive heterotrophs exhibit a "homogenous" cytochrome pattern (namely, cytochromes b, c, a+a3, and 0); thus, in theory, the TMPD oxidase reactions of Bacillus spp. should depend on whether type c cytochrome is present and functionally integrated with type o and a cytochrome oxidases (7, 11). Since most Bacillus species analyzed were oxidase negative, if any of these organisms contained both type c and type o cytochromes, this finding would suggest that there are cellular impermeability problems that would affect TMPD oxidation.
The following mesophilic Bacillus strains were oxidase negative, as determined by the quantitative colorimetric oxidase test: 4 of 8 B . circulans strains, including strain ATCC 9500; B. licheniformis strain SHSU; five B. megaterium strains, including strain Starka 899; 30 of 30 B. polymyxa strains; B. pumilus strains LMD 68.28, F.8, F.lO, 48.24, and UH; and "Bacillus thuringiensis subsp. Pakistani" strain HD-395.
Most of the thermophilic sporeforming strains tested were unidentified hot spring isolates. In our survey, the highest rate of TMPD oxidase activity was observed in B . stearothermophilus T-10 cells grown at 65°C; specific activities of more than 5.0 were obtained, whereas specific activities of 2.636 pmol/h per mg (dry weight) were found for cells grown at 55°C ( Table 1 ). All sporeforming thermophiles showed this same activity pattern; substantially higher TMPD oxidase rates were found in cells grown at 65°C than in cells grown at 55°C. All thermophilic strains grew poorly at 43"C, and such cells had even lower specific activities (range, 1.4 to 1.9). In a study by Wolf and Sharp (17), 8 of 12 thermophilic Bacillus strains examined for oxidase activity were found to be oxidase positive with a qualitative paper strip test.
All 11 psychrophilic Bacillus strains analyzed (at 23°C) were either oxidase negative or oxidase indeterminate. The least active were "Bacillus psychrophilus" strains WS and WlOA and Bacil114s globisporus subsp. globisporus strain T26A; the most active strain was "B. psychrophilus" strain W16A, whose specific activity was approximately 0.40 (oxidase indeterminate).
Analyses of 11 mesophilic B. megaterium strains also produced interesting results; 5 strains were oxidase negative. One B. megateriurn strain exhibited an oxidase value of 0.260, thus falling in the oxidase-indeterminate group. A similar observation was made previously by Downs and Jones (2), who noted that respiratory membranes isolated from B . megaterium strain M (which had type c:o and a cytochromes) had TMPD oxidation values that were 5 to 10 times greater than the values for comparable membranes isolated from B. megaterium strain D440 (which lacked type c cytochrome). This finding could explain the metabolic diversity of oxidase activities observed for the 11 B. megaterium strains which we tested. Similar observations were made for 24 strains of B. thuringiensis. TMPD oxidase activities ranged from 0 pmol of TMPD/h per mg (dry weight) for "B. thuringiensis subsp. Pakistani" to 0.351 pmol of TMPD/h per mg (dry weight) for "B. thuringiensis subsp. entomocidus. "
On: Thu, 06 Dec 2018 22:05:12 VOL. 33, 1983 NOTES 891 We attempted to identify the components responsible for TMPD oxidase activity in B. alvei strain 385 and B. laterosporus strain SHSU. Respiratory membranes were isolated from B. alvei strain 385, and a partial purification of the TMPD oxidase enzyme complex was carried out by using the procedure developed for A . vinelandii (12). An active solubilized cytochrome oxidase complex was isolated, and this complex was similar to the one described previously for A . vinelandii. The B . alvei strain 385 oxidase consisted of a cytochrome c:o complex containing a small concentration of cytochrome a+a3; the absorption spectrum is shown in Fig. 2 . The carbon monoxide-dithionite difference spectrum (Fig. 2a) shows the major CO-reacting component(s), and the presence of a large concentration of type o cytochrome (0.65 nmol/mg of protein) was observed, with major Soret peak at 412 nm and a prominent sharp trough at 430 nm. Alpha and beta peaks reacting with CO were found at 572 and 583 nm, respectively, and there was a minor but characteristic carbon monoxide-cytochrome o trough at 557 nm. The presence of the type c cytochrome was marked by the peak at 550 nm (Fig. 2b) . The dithionitereduced components of the oxidase (Fig. 2b , dashed line) revealed a type a cytochrome at 604 nm and the alpha peak of cytochrome o at 557 nm. The dotted line in Fig. 2b shows the extent of CO reactivity of the cytochrome components in this partially purified oxidase preparation. The results of spectral analyses of the cytochrome components in the respiratory membranes of B . ulvei strain UH and B. laterosporus strain SHSU (Table 1) were similar to the results obtained with B. alvei strain 385. However, cytochrome analyses of membranes isolated from B . pumilus strain UH revealed that type c cytochrome was absent but both oxidases (cytochromes o and a + a 3 ) were present. The results of our spectral studies on the cytochrome components of Bacillus strains are consistent with the observation that bacterial TMPD oxidations still require type c cytochrome(s) integrated with a terminal oxidase of cytochrome o or a+a3 (8-12).
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